The size and composition (lean-dry, water, and fat contents) of the flight muscles of the catbird were investigated as a function of the large seasonal changes in body mass which occur in this species. The mass of the pectoralis muscle is highly positively correlated with body mass, leading to an elevation in muscle mass of -35% during fall premigratory fattening. The changes in muscle mass are brought about by coordinated variations in all major components of the muscles which were measured. High-oxidative, fast-twitch fibers represent 88% of the total fibers in the pectoralis muscle. The cross-sectional area of the muscle fibers increases proportional to muscle mass, suggesting that fiber hypertrophy may underlie the changes in muscle mass. Calculations of the power available from the muscles compared with the aerodynamic power required by catbirds in flight indicates that augmentation of pectoralis muscle mass could make a significant contribution to flight performance.
INTRODUCTION
The size and strength of muscles in man and other mammals can be modified by chronic changes in the mechanical load placed on them during contraction. Studies involving "strength" or "power" training indicate that skeletal muscle responds to such periodic exertion with increases in mass (see, In this study I have examined the hypothesis that the flight muscles of the gray catbird (Dumetella carolinensis) show adaptive changes in mass as body weight 106 R. MARSH changes seasonally. The catbird is a variable-distance migrant, and a portion of the population moves across the Gulf of Mexico (Marsh 1983). Catbirds sampled in Michigan and Florida show substantial variation in body weight associated with variation in fat content as well as other body components (Marsh 1983). As necessary conditions for demonstrating that changes in muscle mass are adaptive, I have considered (1) whether the composition (water, fat, lean-dry) of the muscles changes; (2) other aspects of annual and daily cycles which might influence muscle mass; (3) size variation within the population which might determine the variation in muscle mass; and (4) the extent to which augmented muscle mass might compensate for increases in power requirements for flight.
METHODS ANIMALS AND COMPOSITIONAL ANALYSES
The sample of catbirds (Dumetella carolinensis) used in the present study and the methods for determining sex, age, and stage of molt are described in Marsh (1979 Marsh ( , 1983 . These birds were collected in Michigan in early summer and in late summer through fall, and in Florida during the fall migratory period. Body composition was analyzed as described in Marsh (1983). Muscle composition was determined by similar methods, with the components measured to the nearest 0. 1 mg. Muscles were freezedried to constant mass and minced, and fat extracted by placing 20 of them in individual reusable porcelain thimbles in a stirred bath containing 1 liter of petroleum ether at room temperature. Pectoralis muscles were extracted for 48 h with one change of solvent after 24 h; supracoracoideus muscles were extracted for 24 h. After fat extraction, muscles were oven dried at 80 C to constant mass. The difference between wet weight and dry weight was considered to be the water content and the difference between dry weight and lean-dry weight (after extraction with petroleum ether and drying) was taken to be the fat (neutral lipid) content.
SKELETAL MEASUREMENTS AND

LINEAR
MUSCLE DIMENSIONS
Nine catbirds (five males, four females) were selected for analysis of skeletal dimensions and linear muscle measurements. The left pectoralis and supracoracoideus muscles were dissected from these birds to determine fresh mass. The unit comprising the combined pectoral girdle, rib cage, and sternum with attached muscles was then dissected free from its attachments. The dissected torso was preserved in phosphate-buffered 10% formalin after the humerus had been pinned in a standard position along the rib cage. This position prevented slack in the belly of the pectoralis muscle, but the muscle was not stretched, i.e., an attempt was made to approximate the rest length and to prevent shortening during fixation. After fixation was complete, the right pectoralis and supracoracoideus muscles were dissected free and the following measurements were made with calipers to the nearest 0. 1 mm: muscle length at the longest point, the length of the sternum and the coracoid bone, and the depth of the keel of the sternum at the deepest point. Preliminary analyses on the pectoralis muscle indicated a complex pinnate geometry with variable fiber length, so a standard portion of the pinnate dorsal (deep) surface of the muscle was used to estimate fiber length. The selected area was midway along the sternum on the medial side. Fiber length was measured after digestion of the muscles in nitric acid (Maxwell, Faulkner, and Hyatt 1974).
MUSCLE FIBER TYPE AND CROSS-SECTIONAL AREA
Six (two males, four females) birds having a large range of body masses and fat classes were selected for analysis of muscle fiber types and fiber size. Blocks of tissue cut from the left pectoralis and supracoracoideus muscles were frozen in 2-methyl butane chilled in an alcohol-dry ice bath. After the intact muscle had been dissected from the animal, two blocks were cut from the medial portion of the pectoralis muscle, perpendicular to the fibers as viewed from the dorsal (deep) surface of the muscle. These blocks contained fibers originating from the keel of the sternum and the coracoclavicular membrane. A single block was cut from the bipinnate supracoracoideus muscle, perpendicular to fibers originating from the sternum. The gastrocnemius muscle was sampled in a few birds to test the reliability of the methods because this muscle has been shown to To determine fiber area, slides were projected at a linear magnification of 800 x, using a Leitz microprojector. The magnification was verified with an American Optical stage micrometer. The outlines of the fibers were traced using the SDH slide, then the myosin ATPase slide was superimposed and the fibers classed as having high or low ATPase activity. (Distinct fiber types could not be distinguished on the basis of SDH activity.) One tracing was analyzed from each supracoracoideus muscle and two from each block of the pectoralis muscles (one from the dorsal mixed region and one from the ventral region consisting of 100% high-ATPase fibers; see below). Fiber areas were calculated by the method of trapezoids, using a PDP-11 minicomputer (Digital Equipment Corp.). Fiber boundaries were digitized with a Summa Graphics digitizer accurate to 0.01 inch or 0.6% of the projected circumference of the smallest fibers.
Preliminary analysis revealed that a gradient in fiber composition was present along a dorso-ventral axis in the pectoralis muscle. The ventral (superficial) one-half to two-thirds of the muscle was composed entirely of high-ATPase fibers with the number of low-ATPase fibers increasing in the dorsal (deep) region of the muscle. Therefore, relative fiber composition in the pectoralis muscle was estimated from line transects from the ventral to the dorsal surface of the muscle. Two or three line transects were run through sections from each block of the pectoralis muscle. An average of 686 fibers was counted for each animal. The fiber distribution of the supracoracoideus muscle appeared random, and thus relative fiber composition was determined from the portions projected to determine fiber areas. The fresh mass of the supracoracoideus is also correlated with body mass, but with greater variability, which is reflected in a lower correlation coefficient (r = .57, P < .0001, n = 93).
As an aid to interpreting the increase in muscle mass, it is necessary to know which components of the muscle are varying. The fat content of the two muscles increases significantly during premigratory fattening (e.g., fig. 2 ). However, the change is small compared with the increase in fresh mass of the muscles. In addition, most of the accumulation of muscle fat occurs during the early stages of fattening. Probably because of these factors, muscle mass and muscle fat content are not correlated in the total sample (n = 88, P > .05). The massspecific amounts of the other components also do not vary systematically with muscle size. The pectoralis muscle averages 25.8% a 0.24% lean-dry mass, 71.6% a 0.15% water, and 2.7% a 0.12% fat (n = 98). The composition of the supracoracoideus is somewhat different, averaging 24.3% a 0.28% lean-dry mass, 74.5% a 0.12% water, and 1.3% a 0.086% fat (n = 93). Because functional adaptations of the muscle must involve changes in lean- NOTE.-Sample size = 73. * P < .05; P = probability that r = 0. ** P < .01. 109 dry mass, I have used this mass in subsequent analyses. Table 1 gives the simple correlation coefficients among the major carcass components (carcass = body minus the two flight muscles and the heart [Marsh 1983]), the linear measurements of body size, and the lean-dry masses of the flight muscles. (Carcass water has not been included in this table and subsequent analyses for it varies in a relatively constant ratio with the leandry mass.) The simple correlation coefficients indicate the lean-dry mass of the pectoralis muscle (LDPect) is correlated with the lean-dry carcass mass (LDCarc) and the carcass fat content (CFat), which are the two major determinants, aside from water, of total body mass. However, LDPect is also correlated with wing length, which is a standard indicator of structural body size in birds (see Greenewalt 1962).
This set of relationships must be analyzed further to rule out variation in structural body size as the major determinant of muscle size (i.e., no one will be surprised by the conclusion that "bigger birds have bigger muscles"). Further analysis is necessary because it is possible that larger birds may carry more fat (suggested by Baggott 1975). This circumstance would lead to a correlation of pectoral mass and body mass in the absence of any muscle hypertrophy. First, it should be noted that structural body size as measured by wing length can be subsumed under LDCarc. Table 1 shows that wing length and LDCarc are correlated. Since LDCarc represents the skeleton and muscles (except for the flight muscles), this correlation is not surprising. In multiple regression and correlation analyses, the correlation of LDPect with wing length disappears (the partial correlation coefficient is insignificant) whenever LDCarc is included in the analysis. With LDPect as the independent variable, the partial correlation coefficients are LDCarc, r = .697, P < .0001; CFat, r = .544, P < .0001; and wing length, r = .18, P > .08 (n = 92). This analysis indicates that if the correlation of LDPect with LDCarc is accounted for, the variation in wing length has no statistically significant effect on LDPect. LDCarc also accounts for diurnal variation in LDPect, i.e., LDPect tends to be higher in the evening when LDCarc is also higher (Marsh 1983). All that is left to complete this analysis is to ask whether CFat and LDCarc are correlated independently with LDPect. One would suspect this to be the case since simple correlation analysis indicates that LDCarc and CFat are unrelated (table 1) . This lack of correlation would appear to rule out the possibility that birds that are already larger gain more fat and that this accounts for the correlation shown in figure 1. Indeed, inclusion of LDCarc and CFat in a multiple regression model (table 2) allows 60% of the variance in LDPect to be accounted for (multiple correlation coefficient = .774, P < .0001, n = 79), and the partial correlation coefficients of each variable are highly significant.
The lean-dry mass of the supracoracoideus muscle (LDSup) is correlated with the same set of variables as LDPect (table 1) . However, whereas LDPect is correlated mostly with the two major determinants of total body mass in multiple regression models, the lean-dry mass of the supracoracoideus muscle (LDSup) is not. If LDPect is included in the selection of a multiple regression model with LDSup as the dependent variable, body mass, LDCarc, CFat, and wing length are excluded. With LDSup as the dependent variable, the partial correlation coefficients are: LDPect, r = .671, P < .0001; 
LINEAR MEASUREMENTS
The above analysis appears to rule out structural body size as the sole explanation of the variation in pectoralis muscle mass in catbirds, but it does so with measurements which are only indirectly related to the skeletal structures which support the muscles. For this reason, I selected a sample of birds for detailed measurements on the muscles and bones of the pectoral region (table 3) . Birds in this sample had body masses ranging from 33 to 45 g, and the relationship of body mass and the mass of the pectoralis muscle did not differ from that of the larger sample discussed above (r = .740, P < .05). Although many of the linear measurements are correlated with one another, none of them is significantly correlated with pectoralis muscle mass including fiber length (table 3).
FIBER TYPES
Two fiber types can be distinguished in the pectoralis muscle of the catbird on the basis of the histochemical reaction for myosin ATPase (table 4). The ventral onehalf to two-thirds of the muscle is composed entirely of small (mean area = 700 a 7.57 pLm2 SEM) fibers which stain darkly for myosin ATPase at alkaline pH and have very high SDH activity (fig. 3A, 3C ). These fibers are presumably fast contracting. The dorsal region of the muscle contains a second fiber type which stains lightly for myosin ATPase at pH 10.5 and thus is in terpreted as a slow contracting fiber (fig.  3D ). These low-ATPase fibers often have somewhat lower SDH activity ( fig. 3B ), but they cannot be reliably distinguished by this criterion (see fig. 3, fiber b) . The low-ATPase fibers have a larger mean area (1207 a 25.9 Vpm2; table 4) but cannot be distinguished by size alone since the distributions of areas overlap broadly for the two types (the range of areas for the high- b Mass of one side only. * P = probability that r is significantly different from zero.
rIAV -, --V.--% 4, a,, a 1 4-1, * ; The data presented here indicate that an increase in the mass of the pectoralis muscle of catbirds is associated with increasing body weight. Over the range of body weights of catbirds during the fall, the mass of the pectoralis muscle increases by approximately 35% (fig. 1) . Data on fiber area (fig. 4) are consistent with the hypothesis that this increase in muscle size is due to fiber hypertrophy, although I have not ruled out changes in fiber number (see Gonyea, Ericson, and Bonde-Petersen 1977). The only conclusive way to do so would be to count all the fibers in the muscle (see Gollnick et al. 1981) , and this is impractical for a muscle the size of the pectoralis. Neither the whole muscle nor the muscle fibers increase in length, and thus the total fiber cross-sectional area must be increased regardless of whether the in-crease in mass is due to fiber hypertrophy or to fiber hyperplasia.
Most of the remainder of the information presented here and the statistical analysis thereof are an attempt to evaluate whether this augmented mass of the pectoralis muscle might represent an adaptation that compensates for the greater power requirements for flight in the heavier birds. The suggestion (Fry et al. 1972 ) that an adaptive increase in muscle size occurs during premigratory fattening has been criticized because of possible systematic biases in the sample (Baggott 1975). Birds with a larger body frame may accumulate more fat, and, thus, the correlation between muscle mass and body fat would be due to size variation already present within the population. Additionally, variations in protein nutrition which occur concomitantly with fattening (e. These results support the hypothesis that increases in mass of the pectoralis muscle are directly associated with increases in total body mass, whereas the supracoracoideus is influenced primarily by changes in the mass of the pectoralis muscle. The specificity of the effect on the pectoralis muscle is also supported by the lack of change in the lean-dry mass of the remainder of the carcass.
COMPARISON OF POWER REQUIREMENTS AND POWER OUTPUT
The adaptive value of the increases in muscle mass noted here must be judged in terms of the power output required from these muscles for birds to fly at various body weights. In other words, are the changes in muscle mass significant in relation to the power required compared with the power available? One approach to this question is to predict the aerodynamic power output required of the migrants and compare this value with the predicted maximum power output from the muscles. For our purposes, this estimate may be generous because whole-animal measurements based on oxygen consumption or aerodynamic measurements of intact birds in flight yield estimated maximum power outputs below this value (see summary in Weis-Fogh and Alexander [1977] ). An overestimate will make it more difficult to accept the hypothesis that the increased body mass places a relatively severe load on the pectoralis muscles.
Estimates would exceed Pmax at Vm,. The increase in muscle mass to 5.6 g (giving a Pmax of 1.4 W) restores some of the power reserve, so that the bird would be producing 64% and 85% of Pmax to fly at Vmp and Vmr, respectively. This analysis indicates the severity of the stress apparently placed on the flight muscles by premigratory fattening and supports the hypothesis that the increase in muscle mass could be an adaptation related to the increased demands for power production during flight.
